The geodesic active contour (GAC) model has been widely used due to the high precision of edge detection and the continuity of boundaries. However, compared to the gradient vector flow (GVF) field, it usually has poor performance in the object boundaries with concave shape. In this paper, the improvements that integrate the good performance of the GAC model and the GVF field are described in detail and the GAC_GVF&B model combining the GAC model with the GVF field and a balloon force is proposed. The experimental results demonstrate that the proposed method is insensitive to the positions of initial curves and can segment complex-shape or multiobjects images correctly with higher convergence.
INTRODUCTION
Image segmentation is one of the key techniques used in many tasks of pattern recognition, image sequences and computer vision. The task of image segmentation is to partition an image into meaningful areas, where meaningful typically refers to a separation of areas corresponding to different objects in the observe scene. The result of image segmentation is a set of contours extracted from the image. Up to now, a variety of algorithms have been proposed to solve the image segmentation problems. Among them, the partial differential equations (PDE) based image segmentation method is one of the state-of-theart methods due to the high precision of edge detection and the continuity of boundaries. One of which is the active contour model, known as "snake", first introduced in 1988 by Kass et al. [1] . In this model, a snake is used to simulate a dynamic curve, which can move towards the object boundary under the influence of internal and external forces, and finally will arrive at the object boundary. To describe the evolution of the curve, an energy functional is defined on the curve. When a curve conforms to the object boundary, the energy functional reaches its minimum. Thus the image segmentation problem is converted to find an optimal curve which minimizing the energy.
The energy functional usually consists of an internal force and an external force. The internal force is decided by the curves themselves and the external force is decided by the image data. The traditional force fields are sensitive to the initial curve and have small capture ranges. In order to enable the curve to converge to the object boundary rapidly, many improved models about external forces were discussed in the last few years [2] [3] [4] [5] [6] [7] . For example, Cohen [8] [9] proposed an external force called balloon force by analogizing the inflation of a balloon. It can enlarge the capture range of active contours.
The gradient vector flow (GVF) field is another popular external force, which was proposed by Xu and Prince [10] . The GVF field is computed as a diffusion of the gradient vectors of the edge map derived from an image. The main advantages of the GVF field are that it solves the problem of small capture range and pushes the fronts of active contours into concave boundary. It also solves the sensitivity to initialization. Due to these advantages, many researches followed the original GVF model and put forward further improvements, including GGVF [11] [12] , NGVF [13] and GNGVF [14] [15] .
In 1997, Caselles et al. [16] proposed the geodesic active contour (GAC) model which the boundary of an object is corresponding to the curve with the minimal weighted length in the Riemannian space. Because the GAC model is independent of curve parameters and can deal with topological changes automatically, the segmentation results are effective for most images. However, the GAC model usually gets poor results for those images with objects having concave boundary. In order to solve this problem, a positive constant was added in GAC by reference [17] and this improved model is known as the generalized GAC (GGAC) model. The GGAC model can effectively avoid the problem produced by the GAC model. While it requires the initial curve completely put outside or inside the object boundary, and the undirected shrinking force of GGAC model may lead to over-segmentation.
In this paper, the improvements of the GAC model combining with GVF are proposed. At first, a directed boundary attraction force generated by the GVF field is used to replace the undirected shrinking force in the GGAC model and the new model is called GAC_GVF which extends the ranges of initial contours and effectively solves the sensitivity of initialization of the GGAC model. However, due to saddle points and stagnation points in the GVF field of the complex-shape and multi-objects images, GAC_GVF model cannot get good results for these images. Similar to reference [18] , directional lines are artificially added to the GVF fields to form the GAC_D&GVF model which can segment correctly images with complex-shape or multiobjects. Furthermore, a balloon force based on the GVF gradient magnitude is used to replace the directional information and the GAC_GVF&B model is proposed which can get accurate boundaries as GAC_D&GVF models with fewer iteration times. Experimental results validate the effectiveness of the GAC_GVF&B model on complex-shape and multi-objects images.
The rest of this paper is organized as follows: in section 2, the GAC model and the GVF field are briefly introduced; the improvements of the GGAC model are proposed and described in detail in section 3; in section 4, the experimental results of proposed models are given and compared to current models. Finally the conclusion of this paper is drawn in section 5.
GEODESIC ACTIVE CONTOUR MODEL AND GRADIENT VECTOR FLOW 2.1. Geodesic Active Contour Model
Let C:[0,1]→R 2 be a parameterized close planar curve and let I be a given image. GAC model [16] aims at minimizing the following energy functional: (1) where s is the arc-length parameter and L(C) is the length of the curve C. The function g(.), called "edge detector function", is a monotonically decreasing function with the following properties: g(0) = 1, and g(x)→0 as x →∞. The following function form is often used:
where r is a point of the image, the parameter K is used to control the decreasing speed of g(.) The function g(.) contains information concerning the boundaries of objects and ensures that the local maximal of |∇I| corresponds to the local minimal of g(|∇I|).
The following gradient descent flow can be obtained by using calculus of variations to minimize the equation (1): (3) where k is the curvature and N is the normal vector of the curve C.
The first item of the equation (3) is an internal force which drives the curve towards the object boundaries and is constrained by the curvature influence. The second item is external force provided by the gradient ∇g derived from the image data.
Compared to the traditional Snake model, GAC model doesn't depend on the curve parameters and allows automatic changes in the topology. While, if the given image exists long-concave boundaries or multi-objects, the model cannot obtain the right segmentation. For one thing, when the curve moves to the concave areas, the curvature turns to be negative. So, the internal force drives the curve to move outward. For another, when the curve is far away from the boundary, the external force is almost zero. Therefore, the curve can't move on and will stop at the outside concavities region.
In order to solve this problem, Caselles et al. [16] proposed the following generalized GAC (GGAC) model by adding a "shrinking force": (4) where c is a selectable constant. The shrinking force gcN not only can speed up the convergence at the smoothing areas, but also drives the curve to go on moving when the curvature is negative and segments the concave boundary properly.
Using the level set method, the corresponding PDE of equation (4) with the embedding function u is
where the function u usually is a sign distance function defined as following: (6) In the practice, the parameter c needs to be selected appropriately. If c is too small or too large, as the reference [19] the curve C would stop at the non-ideal local minimum. The main reason is that the parameter c keeps a same constant in the whole process of evolution.
Gradient Vector Flow
Xu et al. [10] [11] [12] defined a vector field V(x, y) = (u(x, y), v(x, y)), called Gradient Vector Flow (GVF) field, which minimized the following energy functional (7) where m is a regularization parameter which governs the tradeoff between the first term and the second term and is affected by the amount of noises appearing in the image. More noise in the image, larger m should be set. f (x, y) is an edge map. For a gray-level image, the following edge map is often used: (8) Analyzing (7), when |∇f | is small, the energy is dominated by the first item, yielding a smooth field. Then, when |∇f | is large, the second item dominates the integrand, and is minimized by setting V = ∇f. Thus, the vectors of GVF field vary smoothly on homogeneous image regions and point to the object when they are near to the boundary.
By using the calculus of variations, the following gradient descent flow can be obtained: (9) where ∇ 2 is the Laplacian operator. The main advantages of the GVF Snake model are that it can capture a snake from a long range (from either side of the object boundary) and can force it into concave regions. Nevertheless, it's difficult to converge to thin and long boundary indentations.
Gradient Vector Flow Fast Geodesic Active Contour
In 2004, Paragios et al. proposed GVF&B_GAC model [20] , a novel geometric boundary-based flow for image segmentation. This model is based on the GVF filed and uses a modified version of the gradient vector flow as the boundary information. Meanwhile, the boundary information is incorporated to the geodesic active contour model. This modification leads to the flow free from the initial curve positions. The new model's corresponding gradient descent flow is as following: (10) where 0 < b <1 is a constant parameter, , sign(V. N) is the sign function.
In the GVF&B_GAC model defined by equation (10), there are three forces on the evolution curve. The first force bgkN is the internal force, imposing a regularity constraint during the evolution process and shrinking the curve towards the object boundaries. The second force is the boundary-attraction force based on a bidirectional flow, (1 − b)g(1 − g(V. N))(V. N) N, driving the curve move towards the objects boundaries from either side. The third one is a balloon force acting as an adaptive balloon force, g(V. N)sign(V. N) N, will take effect and promote the curve evolution when the GVF is close to orthogonal to the inward normal.
Gradient and Direction Vector Flow
In 2010, Zhu et al. [18] proposed a gradient vector flow with prior directional information, called G&DVF, aiming at dealing with complex object shape, weak edges and clutters. The new vector field V(x, y) = (u(x, y), v(x, y)) is defined to minimize the following energy functional: (11) where h is a positive weighting parameter that controls the influence of the directional line on G&DVF field. E GVF (V) denotes the GVF functional defined by equation (7) and E DVF (V) is the direction vector flow (DVF) functional, which generated by the directional line, defined as
where W is a pre-set vector field produced by the directional line, which can be built by clicking mouse twice in the image domain. Let a be the starting point of the directional line and b denote the end point of the directional line, W can be counted as following:
The difference between E DVF (V) and E GVF (V) is that the field W in the functional E DVF (V) replaces ∇f of E GVF (V). E DVF (V) can keep V being equal to W where the normal is relatively large. If several different vector fields W 1 , W 2 , …, W N need to be built, they gather to generate a new field W = W 1 + W 2 + … + W N , where N depends on the complexity of the image.
Using the calculus of variations, for E G&DVF (V), the following gradient descent flow can be used to calculate the vector field V(x, y) = (u(x, y), v(x, y)):
where ∇ 2 is the Laplacian operator.
IMPROVED SEGMENTATION MODELS COMBINING GAC MODEL WITH GVF
The GGAC model can overcome some shortcomings produces by GAC model. However, it requires a specific initialization step. In other words, its initial contour curve should be set completely outside or inside the real object boundaries. The reason is that the shrinking force of the GGAC model has the same direction during the curve evolution which leads the initial contour curve cannot across the object boundary.
Though the GVF&B_GAC model speed up the evolution of the contour curve, it also cannot deals with images with complex-shapes or multi-objects. In this paper, the improved segmentation models combining GAC model with GVF are proposed to overcome the drawbacks of the existing models.
Geodesic Active Contour with Gradient Vector Flow
Considering that the GVF field is a bi-directional external force, which has a wider capture range than traditional gradient field and can deal with concave regions, and the term sign 
where V can be computed by using equation (9) .
Compared to the GGAC model, this new model uses sign(V. N) to modify the shrinking force as a bidirectional boundary-attraction force. If the curve outside the boundary, V and N have the same direction and sign(V. N) is positive. Thus, the shrinking force points to the curve from outside and drives the curve to deflate. If the curve inside the boundary, V and N have the opposite direction and sign(V. N) is negative. Thus, the shrinking force points to the curve from inside and drives the curve to inflate. Hence, the shrinking force always points to the boundary. Figure 1 shows the segmentation results of the GAC_GVF model and GGAC model with different initial curves:
(1) Figure 1(a) is the original image with an initial curve outside of the object boundary; Figure 1(b) shows the segmentation result of the GAC_GVF model, which is as accurate and effective as the result of GGAC model as shown in Figure 1 (c);
(2) Figure 1(d) is the original image with an initial curve inside of the object boundary; Figure 1 (e) shows the segmentation result of the GAC_GVF model, which is as accurate and effective as the result of GGAC model as shown in Figure 1 (f); (3) Figure 1 (g) is the original image with an initial curve across the object boundary, Figure 1(h) shows the segmentation result of the GAC_GVF model, which is accurate and effective to extract object boundary. While GGAC model can't get right segmentation result as shown in Figure 1(i) , and the curve will eventually disappear.
From the experiment results one can find that, the new model not only extends the capture range of the contour, but also solves the sensitivity to initialization of curve, that the initial curves of the GAC_GVF model can be inside, outside or across the boundaries.
Geodesic Active Contour with Gradient and Direction Vector Flow
GAC_GVF model can avoid problems such as initial contour problem and over-segmentation problem by using Gradient Vector Flow (GVF) to modify From the point of view of mechanics, when the evolution curve moves into the concave area or the regions between two-objects, the curvature turns to be negative, which leads the force gkN to drive the curve inflate along the opposite direction of N. However, because the contour curve is far away from the boundary, the external force -(∇g. N) N is almost zero and has no effect on the curve. According to the definition of sign(.), the boundary-attraction force cgsign(V. N) N is existed. However, due to the influence of GVF, the vectors of the external force field point horizontally in opposite directions in the concave area or two-objects region. Thus, the curve is "pulled" apart towards the U-shape or two-objects, and cannot go on propagation.
The reason is that, according to reference [18] , the GVF field of the complex-shape or multi-objects images exist saddle points and stagnation points. If the contour encounters these saddle points, it will be forced to stop and won't move forward. When there is a stagnation point between the evolution curve and object, the curve is not easy to go through it and reaches the right segmentation.
To overcome this problem, similar to reference [21] , some prior directional information is considered to change the local GVF field which has saddle points and stagnation points. Here, the changed GVF, known as G&DVF, is composed of GVF and DVF. DVF is the vector fields formed by the directional lines. The G&DVF field is used to replace the original GVF field in GAC_GVF given by equation (15) , formed the new segmentation model, GAC_G&DVF model, (16) where V can be computed by using equation (14) .
The segmenting results of the GAC_G&DVF model are effective as shown in Figure 3 . Figure 3 shows an experiment on the multi-objects image (four.bmp). Figure 3(a) is an original image with an initial curve. Figure 3(b) is the original GVF. One directional line (by clicking mouse twice) is pre-set at the area between two objects, as shown in Figure 3 (c). Figure 3(d) is the G&DVF field after adding the directional information. Compared to Figure 3(b) , the GVF&DVF field vectors inside the concave are smooth and most of them point to the boundaries of objects. Figure 3€ -Figure 3(i) show the evolution process of GAC_ G&DVF model. And Figure 3(j) is the final segmentation result. A visual inspection shows that there are no saddle points and stagnation points, so the evolution curve can move to the boundaries of the objects. 
Geodesic Active Contour with Gradient Vector Flow and Balloon Force
The GAC_G&DVF model which uses the directional information to change the GVF field and obtains good performance in segmenting complex-shape or multi-objects image. While artificially adding the directional information limits the GAC_G&DVF model's applications. The more objects or complex-shape the given image has, the more directional information should be added. In this section, a balloon force is considered to substitute the artificial directional information.
In GAC_G&DVF model, artificial directional information is used to avoid saddle points and stagnation points. In fact, saddle points and stagnation points can be distinguished from other edge points. The GVF gradient magnitude |∇V| has a large value in edge points and approaches to 0 in other areas; moreover, the edge detector function g can be used to distinguish saddle points and stagnation points from edge points. Thus the function: (17) can be used to find out saddle points and stagnation points from the whole GVF filed. When the point (x, y) is a saddle point or a stagnation point, k(x, y) takes larger value and k(x, y) ≠ 0. When the point (x, y) is an edge point, k(x, y) ≈ 0, due to g(x, y) ≈ 0.
The maps of k(x,y) on the multi-objects image (four.bmp) and complexshape image (s.bmp) are shown in Figure 4 . Figure 4(a) is the GVF vector map of the image four.bmp which is shown in Figure 3 It is easy to find that the values of k(x, y) are larger in the region consist of saddle points and stagnation points, while approximate to zero in other areas. Due to the above performance of the function k(x, y), in this paper, it is used to form the following balloon force and integrated into the GAC_GVF model: (18) where h is an optional parameter. If h is positive, the balloon force will drive the contour curve deflate. If h is negative, the balloon force will drive the contour curve inflate. When the curve encounters saddle points or stagnation points, the balloon force will play a leading role to drive the curve to go through it and go on evolution.
The improved model, integrated with the balloon force defined by equation (18) is called GAC_GVF&B model and given by the following equation: (19) where V is the vector of the GVF field and |∇V| is the GVF gradient magnitude.
The geometric active contour C, defined by equation (19) , moves under the influence of the following forces: internal force, gkN; the bidirectional boundary attraction force generated by GVF, cgsign(V. N) N; the external force provided by the gradient derived from the image, -(∇g. N) N; and the balloon force based on the |∇V|, hg |∇V| N. If the contour comes across saddle points or stagnation points, the balloon force will be activated and drive the contour towards to the objects. Figure 5 and Figure 6 show the segmentation results of the proposed GAC_GVF&B model for the multi-objects image four.bmp and the complexshape image s.bmp. The evolution curves arrive the right boundaries and the numbers of iterations are less than that of the GAC_D&GVF model defined by Section 3.2.
EXPERIMENTAL RESULTS
In order to evaluate the performance of the proposed method, in this section, five synthetic and three real images are tested. All the experiments were implemented by Matlab 7.0 on Windows XP system. Figure 5 . The segmentation result of the GAC_GVF&B model on the multi-objects image (four.bmp) (c = 1.5, h = 7). Figure 6 . The segmentation result of the GAC_GVF&B model on the complex-shape image s.bmp (c = 1.5, h = 7).
Comparison of Five Models on Four Synthetic Images
In the first experiment, the segmentation results by using five different models are compared to four synthetic images, as shown in Figure 7 . The parameters are set as the same: c = 1.5, h = 7. Figure 7 shows the original images with initial contour curves. In Figure 8 , the first, second and third rows are the segmentation results by the GGAC model given by equation (3), the GVF&B_GAC model given by equation (10) and the GAC_GVF model given by equation (15) . The fourth and fifth rows are the directional lines and the segmentation results by the GAC_G&DVF model given by equation (16) . The last row shows the segmentation results by the GAC_GVF&B given by equation (19) . It's easy to find that the initial contour curve should be set completely outside the real object boundaries for the GGAC model. Though the GVF&B_GAC model speeds up the evolution of the contour curve, it cannot deal with images with complex shapes in essence. The evolution curves of the GAC_GVF models are caught into the local minimum of energy and won't stop at the right boundaries of objects. However, the GAC_GVF&B model can segment multi-objects images and complex-shape images correctly and it is no necessary to give the directional information as done in the GAC_G&DVF model. Table 1 shows the iteration numbers and CPU time of the GAC_G&DVF and the GAC_GVF&B model on the images of Figure 7 . It can be found that, compared to the GAC_G&DVF model, the GAC_GVF&B model needs less number of iterations and CPU time, that is, the GAC_GVF&B model has a higher convergence than the GAC_G&DVF model. 
Experiment on the Light-heterogeneous Image
In the second experiment, the segmentation results of different models on lightheterogeneous image are compared. Figure 9 shows the segmentation results on light-heterogeneous image (tshap.bmp) by the GAC_GVF&B model, the GGAC model and the GVF&B_GAC model. 
Experiments on Medical Images
In the third test, medical images with long and narrow boundaries are used to test the performance of the GGAC model, the GVF&B_GAC model and the GAC_GVF&B model. Figure 10 Figure 10 (m) the segmentation result by GAC_GVF&B model. The evolution curve can go through saddle points or stagnation points and approaches the right boundary rapidly. Figure 11 shows the segmentation results on an x-ray image and a CT image by using the GAC_GVF&B model. Figure 11(a) is an original x-ray image with an initial curve. Figure 11 saddle points and stagnation points in the GVF field of these images. So, by using G&DVF field replacing the GVF field in the GAC_GVF model, the GAC_G&DVF model is proposed which can obtain right segmentations through artificially adding the prior directional information. For GAC_G&DVF's application limited, the GAC_GVF&B model is proposed, by using a balloon force based on the GVF gradient magnitude to replace the directional information in the GAC_G&DVF model, aiming at automatically segmenting complex-shape and multi-objects images. When the contour encounters the saddle points or a b c d Figure 11 . The segmentation results by using GAC_GVF&B model. (a) an x-ray image with an initial curve, (b) segmentation result of (a), (c) a CT image with an initial curve, (d) segmentation result of (c).
stagnation points, the balloon force will be activated and drive the contour to the boundaries of objects. Experimental results show that the GAC_GVF&B model can obtain the accurate segmentation results with high convergence.
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